Large eddy simulations of a buoyant plume forming above a heated horizontal cylinder with a Rayleigh number of 9.4E7 is carried out and compared with experimental data. Natural convection heat transfer from a horizontal cylinder at this intermediate Rayleigh number involve a laminar to turbulent transition downstream the cylinder. A laminar to turbulent transition will alter the flow characteristic downstream cylinder considerably, thus it is important that the transition is captured in the simulations. Subgrid stresses are accounted for using the dynamic Smagorinsky model which allow for both laminar and turbulent flow through the dynamic procedure.
The Grashof number is the ratio of buoyant forces and viscous forces and the Prandtl number P r is kinematic viscosity over thermal diffusivity. A number of empirical correlations which relates the Nusselt number to the Rayleigh number exists, cf. Morgan [3] or Kitamura et al. [4] . However, in design of complex heat exchangers based solely on natural convection heat transfer, empirical correlations for a single unbounded horizontal cylinder under quiescent conditions are not sufficient. The correlations would not yield satisfactory results, cf. e.g.
Gyles et al. [5] .
Computational Fluid Dynamics (CFD) is widely used in design of heat exchangers. CFD is an excellent tool, when used correctly, which may provide results for complex geometries in a fraction of the time it takes to build an experimental setup and at significantly reduced cost. When used together and verified against experiments, CFD may provide knowledge about unmeasurable quantities, or yield results about small scale features which hardly are measurable.
Design of subsea heat exchangers based solely upon natural convection heat transfer, with the aid of CFD tools, is not straightforward. Natural convection flow associated with full scale heat exchangers for the energy sector are often turbulent, or undergoing a laminar to turbulent transition. The CFD tools must therefore be able to predict the onset of transition from laminar to turbulent flow accurately without any knowledge of the route to turbulent flow nor tuning of turbulence models. This is most likely the single most important physical feature the simulation must capture which makes heat transfer predictions especially challenging.
Subsea heat exchangers are vital parts of subsea gas boosting modules and other subsea processing modules. A subsea heat exchanger may consist of multiple connected horizontal cylinders forming meandering tubes, see Gyles et al.
[5] for an example. Grafsrønningen et al. [2] and Grafsrønningen and Jensen [1] investigated the buoyant plume forming above a single heated horizontal cylinder in a quiescent environment. The results showed that the plume transitioned from laminar to turbulent flow a distance downstream the cylinder.
Pham et al. [6] pointed out that pure thermal plumes are examples of very complex flows due to quick unstable growth resulting in abrupt transition from laminar to turbulent flow. Thus despite its very simple geometry, the buoyant plume forming above a single cylinder involves a troublesome laminar to turbulent transition, hence simulations of a single heated horizontal cylinder and comparison with experimental results may provide valuable feedback on the performance of CFD-tools for such applications. A transition will influence the transport and mixing properties downstream the cylinder significantly and possibly influence the efficiency and design of large heat exchangers to a great extent. It is therefore important that the transition is captured in the simulations.
Contradictory to pipe flow, where large perturbations are required to trigger turbulent flow, linear stability theory show that buoyant plumes are unstable to infinitesimal perturbations, thus a reproducible transition onset should be obtainable in numerical simulations, cf. Eckhardt [7] and Gebhart et al. [8] .
Downstream a critical location, which is available from linear stability theory and some critical local Grashof number, the flow is unstable to ever-present minute disturbances.
Natural convection heat transfer from heated horizontal cylinders has been investigated by a number of researchers. Kuehn and Goldstein [9] [20] , and Pierce [21] .
The equations solved are the filtered continuity equation
and the filtered incompressible Navier-Stokes equations with a body force term to account for buoyant forces.
Additionally a filtered scalar equation for the temperature fieldT must be solved.
The subgrid-scale stress term tensor τ ij = u i u j −ũ iũj is modeled using the dynamic procedure, see e.g. Germano et al. [22] . The dynamic Smagorinsky model was introduced to overcome the problem with varying model coefficients in inhomogeneous flows and close to solid boundaries cf. e.g. Pope [23] . For more details regarding implementation of this model in CDP, see the Appendix in Rashid et al. [24] . Furthermore, the definition of functions are to be found in Pope [23] . Thus the subgrid-scale stresses obtained from the dynamic Smagorin- The eddy viscosity ν t and the eddy diffusivity α t are here assumed to be related through a turbulent Prandtl number P r t = ν t /α t = 0.9. As pointed out by Pham [6] and others, the turbulent Prandtl number is generally not known and may vary between applications. You and Moin [27] calculated the turbulent Prandtl in turbulent channel flow. Their results showed that P r t 1 close to the wall. Bastiaans et al. [17] reported that values of 1/3 to 1/2 are common whereas Worthy [28] used values of 0.4 for P r t in LES of turbulent jets. Yan [29] carried out LES of turbulent thermal plumes and investigated the effect of turbulent Prandtl number P r t , and reported that the turbulent Prandtl number had little influence on the results. The turbulent Prandtl number is a flow property, and not a material property, thus it has no relation with the molecular Prandtl number P r.
Bastiaans et al. [17] pointed out that there are regions with reversed energy transfer, so-called "backscatter", in a plume. There is not only inter-scale kinetic energy transfer from large to small scales, but also a nonlinear transfer of energy from small to large scales which is of imperative importance. Within the framework of the eddy viscosity concept, the reversed energy transfer would correspond to ν t < 0 which numerically is destabilizing. To avoid negative viscosities and subsequently instability issues, clipping was employed by Bastiaans et al. [17] . CDP allows for negative turbulent viscosities, hence energy interchangeability between small and large scales is possible. However, to avoid numerical instabilities, the effective viscosity was clipped to allow only small negative values, i.e. ν t ≥ −ν. Moreover, to predict the transitional onset accurately, a fine mesh in the transitional region is required. Clipping of the turbulent viscosity may lead to incorrect results, thus it is important that the mesh is fine enough so clipping is avoided. An assessment of the negative part of ν t in the transitional region showed that |ν t /ν| was significantly smaller than unity, i.e. negative turbulent viscosities was not bounded by ν t ≥ −ν, thus backscatter is not prevented by clipping.
When large temperature differences are present, the physical characteristics of the fluid may change. Here, the working fluid is water and the local change in material properties due to temperature differences within the temperature range are not negligible. The molecular viscosity µ in particular is highly temperature dependent. Furthermore, the thermal conductivity k and the coefficient of thermal expansion β change considerably with temperature and are treated accordingly.
Generally, as pointed out by Ferziger and Perić [30] , the coupling between the energy and momentum equations generally is weak, and the solution may be solved sequentially. However, in buoyant flows, the only source of energy is g i β∆T where the temperature excess is denoted by ∆T . Hence, the coupling between the momentum and energy equations is strong. Furthermore, the dynamic behavior of turbulent kinetic energy depends directly on the heat flux which constitutes a significant indirect coupling between the thermal and momentum fields. An accurate prediction of turbulent kinetic thus requires an accurate prediction of the correlation between the fluctuating temperature and velocity fields.
CDP uses a fractional-step method to advance in time, cf. e.g. Kim and Moin [31] , Mahesh et al. [32] or Ferziger and Perić [30] . For each time step an inner loop is cycled through, the dependent variables are solved successively. First a temporal velocity is computed, then a Poisson system is solved for pressure to assure mass conservation based on the temporal velocity. Further the velocity is updated using the new pressure field, lastly the scalar equation is solved based on the updated velocity. The temperature in the source term in the momentum equations and the material properties are taken from the previous time step/inner iteration. To assure a proper coupling between the velocity and temperature fields, i.e. the momentum and energy equations, multiple inner iterations were used. An assessment of the convergence rate deemed two inner iterations sufficient.
The Boussinesq-approximation is a common assumption usually employed in buoyant simulations. The applicability of the Boussinesq approximation requires that the density difference ratio ∆ρ/ρ should be small. Gray and Giorgini [33] assessed the validity of the Boussinesq-approximation and they concluded that as long as the Rayleigh number Ra < 10E19 the Boussinesq-approximation is valid in water. Webb et al. [25] employed the Boussinesq-approximation on a 300°C buoyant jet in air where the above criteria was not met in part of domain, i.e. in close vicinity to the jet orifice. However, although the density difference ratio ∆ρ/ρ in their case was about 0.5 at the most, they concluded that the results should not be significantly affected, particularly not in the far field. Here the density ratio is 0.01, based on this it is anticipated that the Boussinesq approximation constitutes a valid assumption in the present case.
The flow associated with an unconfined buoyant plume above a heated horizontal cylinder is inherently different from a buoyant jet which should be taken into account setting up a simulation. For buoyant jets, the mass flow rate is normally prescribed as a boundary condition along with the inlet jet temperature. However, for a buoyant plume rising from a heated cylinder no mass flow is specified, only the cylinder boundary condition is prescribed. Moreover, the computational domain must be chosen accordingly. Jets has a specified inflow and it is therefore natural to choose an outlet boundary condition far downstream. A relatively narrow domain may be chosen if the entrainment is specified, e.g. in terms of the entrainment coefficient α, cf. Morton et al. [34] . The cylinder boundary conditions chosen here are taken from an earlier experimental investigation of the buoyant plume above an unconfined heated horizontal cylinder with a Rayleigh number of 9.4E7 under quiescent conditions, see Grafsrønningen and Jensen [1] . A polynomial T (θ) = p 1 θ 4 + p 2 θ 3 + p 3 θ 2 + p 4 θ + p 5 + T ∞ where p n are coefficients fitted to the experimental data and T ∞ is ambient temperature, was specified as the thermal boundary condition, see
0.031687468152510 p 5 21.20760727142974 Periodic boundary conditions were specified in all three spatial directions.
The large computational domain facilitated such an approach. An area above the cylinder was defined as the area of particular interest, i.e. up to 6D above cylinder center. The simulations were run for some time (3 min.) until the initial transients were swept out and a statistical steady state condition was achieved in the area of interest. The required initialization period was determined based on Statistical stationary conditions were achieved in the area of interest throughout the statistical period using periodic boundary conditions. R ww (r) = w(z, t)w(z + r, t)
Here, r denotes the incremental distance in the z-direction. The w-velocity was chosen as the u, and v components are influenced by a shedding motion and require phase-averaging in order to predict the two-point correlation based on turbulent motion only. The two-point correlation (4) in Figure 1 quickly drops below and starts oscillating about zero which suggests that the computational domain is large enough in the spanwise direction.
As mentioned earlier, CDP allows for unstructured grids, an unstructured grid mainly consisting of hexagonal elements was therefore chosen for the sim- The spatial resolution in LES is very important. The grid in a LES should be fine enough to resolve 80% of the energy, thus the residual 20% is modeled, cf. e.g. Pope [23] . The smallest eddies in a turbulent flow is characterized by the Kolmogorov length scale η = (ν 3 /ε) 1/4 . However, in thermal flows with Prandtl number larger than unity the smallest scales are described by another scale, namely the "conduction cut-off", see Batchelor [35] . Batchelor gave an expression for the conduction cut-off similarly to the Kolmogorov length scales,
The smallest viscous scale may be expressed as
where the turbulent dissipation rate is approximated as Thus the conduction cut-off scale becomes
The wall-normal grid resolution on the cylinder and in the plume area were specified accordingly. A post-simulation assessment of the grid resolution revealed slightly less strict values for η and η B than equations (5) and (6) yielded.
At 90°circumferential angle on the cylinder wall y + = nu * /ν = n/η = 0.42 and t + = n/η B = y + P r 1/2 = 0.97 where n is wall normal grid length and u * = τ w /ρ is friction velocity. Table 2 shows the dimensionless length scales based on the viscous and conduction cut-off length scales η and η B . The grid sizes in all spatial directions are sufficiently small for a well resolved LES. The time step was set to t * = tU 0 /D = 0.0027 where t is the physical time step.
Results
The results presented herein are the mean and fluctuating components from LES data compared with experimental results from Grafsrønningen and Jensen 
whereṼ n is the vertical velocity. Further, the fluctuating component, here for v, is presented using variance between LES and experimental results worth noting, is the plume widths, the plume predicted by LES is significantly narrower than for the experimental data.
However, water has a large heat capacity C p , thus the plume temperature excess is small. The reported uncertainty in Grafsrønningen and Jensen [1] is required in order to separate the turbulent effects. However, both the experimental and numerical data were equated in the same way, hence the datasets are directly comparable. The results show that the velocity correlations and temperature variance are similar to the experimental data. However, the magnitude is about twice as large as for the experimental data. Though, the predicted plume width influence the results significantly, the difference in plume width is also clearly distinct when comparing the second order moments.
In Figure 6 the w 2 -component is shown. Since we can assume that large scale shedding mainly takes place in the xy-plane, the influence of the shedding on w 2 is believed to be very small. This implies that w 2 should be equal to the spanwise Reynolds normal stresses because w 2 receives energy only through redistribution of the other Reynolds stress components. Far downstream, the plume will approach an uniform velocity profile in close vicinity to plume center, i.e. ∂ xV = 0. Without turbulence production P = P k + G k = −u i u j ∂ j U i − g i βu i t the turbulence will approach an isotropic state due to redistribution of Reynolds normal stress components u 2 and v 2 into w 2 . The spanwise component w 2 in Figure 6 is as expected smaller than u 2 and v 2 , but is of same order. Therefore periodic boundary conditions were used in all spatial directions.
The unit length volume flux F = V (x)dx for LES and experimental results are shown in Figure 10 . LES data are corrected for the synthetic draft to create a sound platform for comparison. The volume flux F compare well, the LES and experimental data exhibit rather similar volume fluxes. Furthermore, for buoyant plumes, in the fully turbulent region, the entrainment is proportional to some characteristic velocity at the same height, see e.g. Gebhart et al. [8] .
Thus, due to the constant plume center vertical velocity, the volume flux Turbulent planar buoyant plumes are featured by a temperature excess decay of ∆T ∼ 1/y , a constant vertical velocityV in plume center, and a Gaussian velocity profile see e.g. Gebhart et al. [8] or Rodi [36] . was carried out and compared against experimental data. The experimental data and boundary conditions were taken from Grafsrønningen et al. [2] . Vertical velocityV and horizontal velocityŪ are plotted in Figure 13 . The same mesh as described earlier was used, hence the relative resolution was better than in the first simulation. Based on η for the latter simulation, White [37] and Schlichting and Gersten [38] . Figure 15 show the instantaneous horizontal velocityŨ in the yz-plane. The horizontal velocity clearly exhibit a pattern commonly associated with initial two-dimensional Tollmien-Schlichting waves, see White [37] or Schlichting and
Gersten [38] for other examples. According to White [37] , for nearly infinitisemal and random perturbations the initial instability in boundary layers will occur as two-dimensional Tollmien-Schlichting waves. Further downstream the twodimensional waves develop into a three-dimensional a motion. Note that Figure   15 are taken from an another stage in the simulation than the data shown in Figure 14 . The point of transition dynamically move up and down above the cylinder, which to some extent is visible in the movie. 
